The desire for high solar cell efficiencies has been a strong factor in determining the course of recent silicon crystal growth research efforts for photovoltaics.
Introduction
Crystalline silicon is one of a number of materials currently being investigated for photovoltaic (PV) use.
Some of the favorable characteristics it possesses for PV applications are abundance, salubrity, an established technology base, easy surface passivation, high demonstrated cell efficiencies, and moderate basic material cost. On the negative side are the requirement for active -layer thicknesses approaching 100 microns (to absorb most of the impinging light) and the escalation of material cost associated with crystal growth and processing.
The abundance of silicon in the earth's crust is shown in terrestrial use is envisioned, because replacing even 10% of conventional electrical power generation with photovoltaic power generation requires about 2 to 40 million tons of crude semiconductor material. The current annual elemental metallurgical -grade silicon production capacity is only about 0.5 million tons, and this far exceeds the production of other semiconductor materials. In large -scale applications (i.e., when quantities greater than those resulting from by-products of other mining operations are required), the extraction costs for less abundant elements greatly exceed those for abundant elements.
For example, platinum has an abundance of 0.0000005 wt% (midway between Se and Te) and the energy cost for mining and milling is $2,200,000 /MTA while iron has an abundance of 5.6% and costs $2 /MT for the energy to mine and mill it.z An analogous situation is likely to occur for elements used in large -scale PV applications.
Over the past 35 years, a significant technology base for silicon processing has developed.
A large body of knowledge thus exists on materials preparation and handling, materials compatibility, crystal growth, materials properties, defect characteristics, device fabrication, and reliability. One
Some of the favorable characteristics it possesses for PV applications are abundance, salubrity, an established technology base, easy surface passivation, high demonstrated cell efficiencies, and moderate basic material cost. On the negative side are the requirement for active-layer thicknesses approaching 100 microns (to absorb most of the impinging light) and the escalation of material cost associated with crystal growth and processing.
The abundance of silicon in the earth's crust is shown in Table 1 along with that of other elements that are potentially useful for photovoltaic devices.1 Quartz is the major ore that silicon is extracted from. It does not naturally occur as an element.
Abundance is important for a PV material if large-scale terrestrial use is envisioned, because replacing even 10% of conventional electrical power generation with photovoltaic power generation requires about 2 to 40 million tons of crude semiconductor material. The current annual elemental metallurgical-grade silicon production capacity is only about 0.5 million tons, and this far exceeds the production of other semiconductor materials. In large-scale applications (i.e., when quantities greater than those resulting from by-products of other mining operations are required), the extraction costs for less abundant elements greatly exceed those for abundant elements. For example, platinum has an abundance of 0.0000005 wt% (midway between Se and Te) and the energy cost for mining and milling is $2 ,200,000/MT, while iron has an abundance of 5.6% and costs $2/MT for the energy to mine and mill it.^ An analogous situation is likely to occur for elements used in large-scale PV applications.
A large body of knowledge thus exists on materials preparation and handling, materials compatibility, crystal growth, materials properties, defect characteristics, device fabrication, and reliability.
One important aspect of this development is the compatibility of Si02 with crystalline silicon, both because of the device processing applications and because of the surface passivation properties of Si02 films on silicon. The latter is particularly pertinent to high-efficiency solar cells, because it provides a means to control surface recombination velocity of generated carriers.
Other semiconductor systems generally do not easily form native passivation layers. Fortunately, neither silicon nor Si02 are toxic, whereas many compound semiconductors used in PV devices contain toxic components. This has also contributed to the fast development and widespread use of silicon as a semiconductor.
Several researchers have achieved air mass 1 (AM1) cell efficiencies greater than 18% with silicon, and even 19.1% has been reported.3 Typically, the higher efficiencies were obtained using float -zoned silicon crystals with a high minority carrier lifetime. Recent analysis4 has shown that efficiencies of this magnitude may be necessary for economical deployment of large, terrestrial power generating systems, because of high balance of system costs Although silicon cells must be nearly 100 microns thick for efficient light utilization, the market price for this quantity of pure (>99.999% or 5N) polycrystalline silicon at $80 /kg is only $19/m2, or $0.10 /Wp (at 19% peak efficiency).
In comparison, a thin -film heterojunction solar cell such as CdS /CuInSe2 is composed of a 2.5-micron CdS layer with a price of $4.70/m2 (based on a current market price of $395/kg for 5N pure powder material), and a 3.3-micron CuInSe2 layer with a price of $420 /kg (based on current market prices of $250 /kg for 5N pure Cu, $900 /kg for 5N pure In, and $130 /kg for 5N pure Se) or $7.90/m2. It also requires a substrate (typically alumina, which could probably have a market price as low as $7.00 /m2 in large quantities).
The Metallurgical grade silicon
Coke reduction in an arc furnaceSi02 + C -Si + CO, CO2, SiC, etc.
Sand (Si02) Figure 1 . Process sequence for silicon, showing selling price at various stages.
The escalation of material prices for conventional silicon technology is depicted in the process sequence diagram of Figure   1 , both for the steps preceding and the steps succeeding the pure polycrystalline stage discussed above.
The diagram also briefly describes the technology steps required to progress from one process stage to the next. The selling price of the silicon increases by a factor of 15 as processing proceeds from the pure polycrystalline stage to polished single -crystal compatibility of SiC>2 with crystalline silicon, both because of the device processing applications and because of the surface passivation properties of SiC>2 films on silicon. The latter is particularly pertinent to high-efficiency solar cells, because it provides a means to control surface recombination velocity of generated carriers. Other semiconductor systems generally do not easily form native passivation layers. Fortunately, neither silicon nor Si02 are toxic, whereas many compound semiconductors used in PV devices contain toxic components. This has also contributed to the fast development and widespread ' lc?~ ^ silicon as a semiconductor.
use of Several researchers have achieved air mass 1 (AMI) cell efficiencies greater than 18% with silicon, and even 19.1% has been reported. 3 Typically, the higher efficiencies were obtained using float-zoned silicon crystals with a high minority carrier lifetime. Recent analysis 4 has shown that efficiencies of this magnitude may be necessary for economical deployment of large, terrestrial power generating systems, because of high balance of system co s t s.
Although silicon cells must be nearly 100 microns thick for efficient light utilization, the market price for this quantity of pure (>99.999% or 5N) polycrystalline silicon at $80/kg is only $19/m 2 , or $0.10/Wp (at 19% peak efficiency). In comparison, a thin-film heterojunction solar cell such as CdS/CuInSe2 is composed of a 2.5-micron CdS layer with a price of $4.70/m 2 (based on a current market price of $395/kg for 5N pure powder material), and a 3.3-micron CuInSe 2 layer with a price of $420/kg (based on current market prices of $250/kg for 5N pure Cu, $900/kg for 5N pure In, and $130/kg for 5N pure Se) or $7.90/m 2 . It also requires a substrate (typically alumina, which could probably have a market price as low as $7.00/m 2 in large quantities). The escalation of material prices for conventional silicon technology is depicted in the process sequence diagram of Figure 1 , both for the steps preceding and the steps succeeding the pure polycrystalline stage discussed above.
The diagram also briefly describes the technology steps required to progress from one process stage to the next. The selling price of the silicon increases by a factor of 15 as processing proceeds from the pure polycrystalline stage to polished single-crystal wafers that are ready for device fabrication. Casting and directional solidification by the Bridgman method are widely used to produce large, multigrain ingots for PV use, but lower solar cell efficiencies are obtained as a result of grain boundary and impurity effects. Table 2 compares some characteristics of ingots produced by the five methods.
Only the dislocation -free methods (CZ, FZ, and CC) will be discussed in more detail here. Silicon crystal growth has been conducted by the Teal-Little adaptation of Czochralski's growth method since 1950.
It is the most common and widely known of the silicon growth methods.
Silicon is melted in a quartz crucible at temperatures slightly above 1412 °C, the silicon melting temperature. Because this temperature is well above the quartz softening temperature, the crucible rests in a rigid graphite susceptor. A cylindrical, graphite, picket -fence resistance heater surrounds the susceptor and operates at input power levels up to 150 kVA. For 150 -mm crystal diameters, crucible diameters in the range of 300 -400 mm are Most dislocation-free, semiconductor-grade silicon crystals are grown by the CZ method, although an estimated 10%-20% are FZ grown. No other techniques are used in production. Another method, cold crucible growth, has recently been applied to both [100] and [111] dislocation-free silicon crystals.^ Schematic diagrams of these three methods are presented in Figure 2 . Casting and directional solidification by the Bridgman method are widely used to produce large, multigrain ingots for PV use, but lower solar cell efficiencies are obtained as a result of grain boundary and impurity effects. Table 2 compares some characteristics of ingots produced by the five methods. Only the dislocation-free methods (CZ, FZ, and CC) will be discussed in more detail here.
AC power
Cooling water Silicon is melted in a quartz crucible at temperatures slightly above 1412°C, the silicon melting temperature. Because this temperature is well above the quartz softening temperature, the crucible rests in a rigid graphite susceptor. A cylindrical, graphite, picket-fence resistance heater surrounds the susceptor and operates at input power levels up to 150 kVA. For 150-mm crystal diameters, crucible diameters in the range of 300-400 mm are used to contain silicon charges weighing 20 -60 kg. The crucible rotates at a few rpm and is moved upward at an approximate rate of V2 = V1(d1 /d)2 during crystal growth to maintain the solidifying interface at an optimum axial position in the heater.
V1 is the crystal pulling speed (usually in the range 1 to 3 mm /min), d1 is the crystal diameter, and d2 is the crucible diameter.
An inert ambient is maintained in the growth chamber. Crystal growth is initiated by touching a small-diameter seed crystal to the free liquid surface and then moving it upward to solidify silicon on the seed.
A thin necked region is grown to eliminate dislocations generated from the seed /melt contact shock. Then the crystal is widened to full diameter by adjusting the heater power and pulling speed.
An automatic control system then maintains a nearly constant diameter. Figure 3 shows several flat -top, [100] oriented crystals grown by the author using the process just described. Induction heating at frequencies in the 1 -3 MHz range is used to melt the silicon, and the liquid does not contact any foreign material. Carbon and oxygen concentrations are two orders of magnitude less than those of CZ crystals. In addition, there are no crucible costs and the crystal growth rates are higher than CZ rates by about a factor of 2. However, there are also disadvantages. Some of these are the lower efficiency of induction heating; the requirement for smooth, crack -free polycrystalline feed material; harsher thermal gradients; complexities associated with a liquid zone suspended between solid rods; and the unstable equilibrium of a heavy crystal resting on a thin neck.
Extremely low metallic impurity concentrations can be achieved by multiple zone passes and the consequent purification by segregation and evaporation.
We have achieved minority carrier lifetimes greater than 300 microseconds in heavily doped (0.4 -0.5 ohm -cm) FZ crystals by multipassing. Such material allows large open-circuit solar cell voltages and high cell efficiencies.
FZ silicon is the best available material for high-efficiency Si solar cells. Figure 4 shows a 75 -mm-diameter FZ crystal being grown in our laboratory.
Cold crucible crystal growth is another method that shows some promise of yielding higher cell efficiencies than conventional CZ growth. The vertical walls of the crucible are composed of closely spaced, electrically isolated, water -cooled copper (or gold -plated copper) fingers that have approximately square cross sections.
Each finger acts as a stepdown transformer, and the coil current induces radio frequency (RF) currents to flow in the fingers. The finger currents in turn induce a current to flow in the silicon charge. Ohmic resistance to this current flow causes heating and melting of the charge. At the inside wall of the crucible, the instantaneous current directions in the fingers and in the charge are opposed (as shown in Figure 2) ; thus, a force caused by magnetic repulsion pushes the silicon melt away from the fingers. used to contain silicon charges weighing 20-60 kg. The crucible rotates at a few rpm and is moved upward at an approximate rate of V 2 = V^d^d^) 2 during crystal growth to maintain the solidifying interface at an optimum axial position in the heater. V^ is the crystal pulling speed (usually in the range 1 to 3 mm/min) , d]^ is the crystal diameter, and d2 is the crucible diameter. An inert ambient is maintained in the growth chamber. Crystal growth is initiated by touching a small-diameter seed crystal to the free liquid surface and then moving it upward to solidify silicon on the seed. A thin necked region is grown to eliminate dislocations generated from the seed/melt contact shock. Then the crystal is widened to full diameter by adjusting the heater power and pulling speed.
An automatic control system then maintains a nearly constant diameter. Figure 3 shows several flat-top, [100] oriented crystals grown by the author using the process just described.
Current commercial growth systems can produce crystal lengths up to 1 m or diameters up to 200 mm (generally not simultaneously).
Crucible costs and slow growth rates are the main economic drawbacks of CZ growth. The relatively low minority carrier lifetimes of CZ-grown crystals (compared with FZ or CC crystals) limit solar cell performance. In addition to metallic impurity incorporation from impurities in the quartz crucible, CZ crystals contain a large concentration of oxygen (on the order of 10^-8 /cm-*) which originates from crucible dissolution and carbon (up to 2 x 10 17 /cm^) which results from the reaction of graphite hot-zone components with silicon oxides. These impurities cause microdefects and lowered minority carrier lifetimes in the macroscopically dislocation-free CZ crystals. The use of Si3N4~coated crucibles, as well as crystal growth in magnetic fields (to reduce crucible dissolution) is being explored for controlling detrimental impurity effects. The latter can be expected to reduce, but not to eliminate, oxygen-related defect generation. FZ growth requires neither a crucible nor hot graphite components near the liquid silicon. Induction heating at frequencies in the 1-3 MHz range is used to melt the silicon, and the liquid does not contact any foreign material. Carbon and oxygen concentrations are two orders of magnitude less than those of CZ crystals. In addition, there are no crucible costs and the crystal growth rates are higher than CZ rates by about a factor of 2. However, there are also disadvantages. Some of these are the lower efficiency of induction heating; the requirement for smooth, crack-free polyerystalline feed material; harsher thermal gradients; complexities associated with a liquid zone suspended between solid rods? and the unstable equilibrium of a heavy crystal resting on a thin neck.
Extremely low metallic impurity concentrations can be achieved by multiple zone passes and the consequent purification by segregation and evaporation. We have achieved minority carrier lifetimes greater than 300 microseconds in heavily doped (0.4-0.5 ohm-cm) FZ crystals by multipassing. Such material allows large open-circuit solar cell voltages and high cell efficiencies.
FZ silicon is the best available material for high-efficiency Si solar cells. Figure 4 shows a 75-mm-diameter FZ crystal being grown in our laboratory.
Cold crucible crystal growth is another method that shows some promise of yielding higher cell efficiencies than conventional CZ growth. Figures 2 and 5 show schematic and actual crystal growth by this technique. An induction heating coil coaxially surrounds the cold crucible. The vertical walls of the crucible are composed of closely spaced, electrically isolated, water-cooled copper (or gold-plated copper) fingers that have approximately square cross sections.
Each finger acts as a stepdown transformer, and the coil current induces radio frequency (RF) currents to flow in the fingers. The finger currents in turn induce a current to flow in the silicon charge. Ohmic resistance to this current flow causes heating and melting of the charge. At the inside wall of the crucible, the instantaneous current directions in the fingers and in the charge are opposed (as shown in Figure 2) ; thus, a force caused by magnetic repulsion pushes the silicon melt away from the fingers.
In our laboratory, we have grown both [111] and [100] dislocation-free silicon crystals from a cold crucible without auxiliary heating.^ Such crystals have oxygen and carbon contents (measured by infrared spectroscopy) similar to those of float-zoned crystals. We used neutron activation analysis to determine gold and copper contents in a [100], 2.5 ohm-cm, dislocation-free silicon crystal grown from a gold-plated copper cold crucible. Low levels of 0.14 ppb (weight) for gold and 15 ppb (weight) for copper were found. Minority carrier lifetimes between those of FZ crystals and those of CZ crystals were observed. We observed that solar cell efficiencies for cold crucible crystals were higher than those for coprocessed, conventional CZ crystals. Mesa array cells 0.1cm2 in area were fabricated simultaneously on a wafer.
Individual cells in an array were isolated by an etched moat. To better determine material effects on cell efficiency, anti -reflection (AR) coatings were not used. Table 3 Under ELH illumination at 25 °C, the average control efficiency was 10.9 %; the cold crucible cells were 11.7% efficient. Under xenon solar simulator illumination at 28 °C, the control cells were 10.2% efficient, while the cold -crucible cells had an average efficiency of 10.6 %. Good AR coatings can increase the cell efficiencies by at least 43 %. Table 3 .
Solar cell current /voltage characteristics for some diffused -junction n/p devices with a total area of 0.10cm2. carrier lifetimes between those of pz crystals and those of cz crystals were observed. We observed that solar cell efficiencies for cold crucible crystals were higher than those for coprocessed, conventional CZ crystals. Mesa array cells O.lcm 2 in area were fabricated simultaneously on a wafer.
Cell Measurement Conditions
Individual cells in an array were isolated by an etched moat. To better determine material effects on cell efficiency, anti-reflection (AR) coatings were not used. Table 3 gives statistics on cell performance. Cell results from several wafers are included. In all cases, the open-circuit voltage (Voc ), short-circuit current (J sc ), and cell efficiency were higher for the cold crucible material. The fill factors were nearly equal within the standard deviation (shown in parentheses) of the measurements. Under ELH illumination at 25°C, the average control efficiency was 10.9%; the cold crucible cells were 11.7% efficient. Under xenon solar simulator illumination at 28°C, the control cells were 10.2% efficient, while the cold-crucible cells had an average efficiency of 10.6%. Good AR coatings can increase the cell efficiencies by at least 43%. Table 3 . Solar cell current/voltage characteristics for some diffused-junction n/p devices with a total area of 0.10cm 2 . Wafering of ingots results in a 45 % -50% loss of material as silicon sawdust.
A typical material yield is 1 m2 of surface area per kg of silicon. Internal diameter (ID) diamond saws can can produce 2000 wafers /m from a 100 mm diameter ingot at an area rate of about 0.15 m2 /h. In addition to material waste, then, the slow sawing rates are a concern. Multiblade slurry sawing (MBS) is a possible alternative to inside diameter sawing. This method can produce 2500 wafers /m of 100 -mm-diameter ingot at an area production rate up to 0.007 m2 /h per blade. Thus, the area production rate of a MBS 22 -blade pack is about equivalent to that of an ID saw. The depth of abrasive damage associated with MBS sawing is typically 5 -6 microns.
Silicon sheet growth
The primary advantage of silicon sheet growth is that it eliminates the material waste associated with ingot growth as well as the costs of the wafering and mechanical polishing operations.
The disadvantage is that currently available sheet growth methods do not produce high -quality material.
Dislocations and twins are present in sheets grown by all processes, and most produce material with grain boundaries. These defects reduce the minority carrier lifetime and solar cell efficiencies relative to those obtained with dislocation -free silicon. A number of sheet growth methods have been investigated; Table 4 lists them in chronological order.
In this discussion, we will cover only those methods that have achieved cell efficiencies >13.5% with an AR coating or, equivalently, >9.5% without an AR coating. EFG, RAD, ESP, web, and CFH processes have produced sheets that attained efficiencies in this range. We will examine these five processes in more detail. They are shown schematically in Figures 6 -10 . Watering of ingots results in a 45%-50% loss of material as silicon sawdust. A typical material yield is 1 m2 of surface area per kg of silicon.
Internal diameter (ID) diamond saws can can produce 2000 wafers/m from a 100 mm diameter ingot at an area rate of about 0.15 m2 /h.
In addition to material waste, then, the slow sawing rates are a concern. Multiblade slurry sawing (MBS) is a possible alternative to inside diameter sawing. This method can produce 2500 wafers/m of 100 -mm-diameter ingot at an area production rate up to 0.007 m 2 /h per blade. Thus, the area production rate of a MBS 22-blade pack is about equivalent to that of an ID saw. The depth of abrasive damage associated with MBS sawing is typically 5-6 microns.
The primary advantage of silicon sheet growth is that it eliminates the material waste associated with ingot growth as well as the costs of the watering and mechanical polishing operations.
The disadvantage is that currently available sheet growth methods do not produce high-quality material.
Dislocations and twins are present in sheets grown by all processes, and most produce material with grain boundaries. These defects reduce the minority carrier lifetime and solar cell efficiencies relative to those obtained with dislocation-free silicon.
A number of sheet growth methods have been investigated; Table 4 lists them in chronological order.
In this discussion, we will cover only those methods that have achieved cell efficiencies >13.5% with an AR coating or, equivalently , >9.5% without an AR coating.
EFG, RAD, ESP, web, and CFH processes have produced sheets that attained efficiencies in this range. We will examine these five processes in more detail. They are shown schematically in Figures 6-10 . Growth of sheets from a capillary die is shown in Figure 6 . Both EFG6 and CAST7 methods use this concept.
The die is usually made of graphite. Liquid silicon rises up capillary slots in the shaping die and spreads across the die top.
The outer edges of the die top define the base of the meniscus from which the sheet solidifies.
The capillary plate separation is in the range of 0.2 -0.5 mm. The meniscus height is typically 0.2 -0.4 mm for EFG growth and 0.5 -0.8 mm for CAST growth (achieved via a specially shaped die top). Close proximity of the die top to the ribbon's solid /liquid interface requires good thermal control to avoid freeze -out of the growing ribbon to the die. The narrow capillary channel reduces the effective segregation coefficient to nearly one for this process.
Therefore, reasonably pure silicon must be used.
One impurity inherent to the process is carbon. Die dissolution saturates the melt with carbon which is rejected at the solid /liquid growing interface, but cannot readily diffuse back down the die channel. The meniscus region therefore becomes supersaturated and SiC crystallite particles form at the die top. Eventually the particles attach to the growing ribbon. Some progress has been made in controlling their attachment.
A novel application of EFG growth is the formation of closed, nine-sided cylindrical polygons in which each side is 5 cm wide.
In this way, an effective ribbon width of 45 cm is obtained, and since there are no edges, many of the control problems related to ribbon edge geometry are eliminated. Table   5 summarizes some of the stability and purity characteristics of EFG ribbons, and Table 6 presents growth characteristics and solar cell performance (the first number for cell efficiency is the best achieved efficiency, and the second is a typical or average current efficiency value). Growth of sheets from a capillary die is shown in Figure 6 . Both EFG^ and CAST 7 methods use this concept. The die is usually made of graphite. Liquid silicon rises up capillary slots in the shaping die and spreads across the die top. The outer edges of the die top define the base of the meniscus from which the sheet solidifies. The capillary plate separation is in the range of 0.2-0.5 mm. The meniscus height is typically 0.2-0.4 mm for EFG growth and 0.5-0.8 mm for CAST growth (achieved via a specially shaped die top). Close proximity of the die top to the ribbon's solid/liquid interface requires good thermal control to avoid freeze-out of the growing ribbon to the die. The narrow capillary channel reduces the effective segregation coefficient to nearly one for this process.
One impurity inherent to the process is carbon. Die dissolution saturates the melt with carbon which is rejected at the solid/liquid growing interface, but cannot readily diffuse back down the die channel. The meniscus region therefore becomes supersaturated and SiC crystallite particles form at the die top. Eventually the particles attach to the growing ribbon. Some progress has been made in controlling their attachment.
In this way, an effective ribbon width of 45 cm is obtained, and since there are no edges, many of the control problems related to ribbon edge geometry are eliminated. Table 5 summarizes some of the stability and purity characteristics of EFG ribbons, and Table 6 presents growth characteristics and solar cell performance (the first number for cell efficiency is the best achieved efficiency, and the second is a typical or average current efficiency value). 13.5 (11) 16 (13) 15 ( The RAD process8 also involves the use of graphite to assist in ribbon shaping. Here, a specially prepared graphite ribbon (with a pyrolytic graphite surface) is continuously passed upward through a slot in the bottom of a quartz crucible.
Thin layers of silicon adhere and solidify on both sides of the graphite substrate. After growth, the graphite is burned away, leaving two silicon ribbons about 5 cm wide (for a total effective width of 10 cm).
The characteristics of the RAD process are given in Tables 5 and 6 . Some of the main attributes of RAD growth are easy thermal control, moderately high growth rates, and thin flat ribbons.
Some disadvantages are carbon impurities and the need for a special substrate. Although a fine, parallel, longitudinal grain structure is present, it is still possible to achieve cell efficiencies over 13% with this process. The RAD process^ also involves the use of graphite to assist in ribbon shaping. Here, a specially prepared graphite ribbon (with a pyrolytic graphite surface) is continuously passed upward through a slot in the bottom of a quartz crucible.
Some disadvantages are carbon impurities and the need for a special substrate. Although a fine, parallel, longitudinal grain structure is present, it is still possible to achieve cell efficiencies over 13% with this process. Dendritic web solidification10 is initiated by inserting a thin, narrow dendrite of silicon (a crystallographic structure containing a plurality of parallel (111) twins parallel tc its narrow faces that propagates_in a <112> growth direction and has edges in <110> directions from its axis) in the liquid silicon. Heat shields immediately above the melt have shaped openings that define an elongated growth zone.
As melt temperature is lowered, an elongated button of Figure 9) . Otherwise, the web is a single
The main advantages of web growth are good crystal quality and high solar cell efficiencies. Figure 12 The ESP process has the advantages of easy thermal control along with a simple hot -zone configuration (see Figure 11 ). and the need for filaments. CFH growthll is a relatively new method that is now only in a feasibility demonstration stage. Here, the top surface of a rotating, large-diameter, cylindrical, polycrystalline silicon rod is melted by a C-shaped induction heating coil, as shown in Figure 10 . Because of the coil geometry, the portion of the rod top that rotates under the enclosed area of the coil is actively heated, while the portion that is outside the enclosed area (i.e., Dendritic web solidification 10 is initiated by inserting a thin, narrow dendrite of silicon (a crystallographic structure containing a plurality of parallel (111) twins parallel to its narrow faces that propagates_in a <112> growth direction and has edges in <110> directions from its axis) in the liquid silicon. Heat shields immediately above the melt have shaped openings that define an elongated growth zone.
As melt temperature is lowered, an elongated button of silicon spreads from the dendrite's tip in the growth zone. When the button width approaches a substantial fraction of the desired ribbon width, the dendrite is systematically pulled upward as the melt temperature is again increased.
Two coplanar dendrites are thereby formed, one at each edge of the bu t ton. Th ey continue to g r ow d cw nwar d into supercooled melt regions and a web of silicon solidifies between them. The (111) twin structures penetrate both dendrites and the web itself (see Figure 9) . Otherwise, the web is a single (but dislocated) crystal.
The main advantages of web growth are good crystal quality and high solar cell efficiencies. Figure 12 shows that module efficiencies over 13% are attainable with web solar cells. Some of the problems facing the web process are difficulty of wide growth, the need for close thermal control, and maintaining a nondisruptive growth environment for the relatively complex growth mechanism. The dendritic web technique is the oldest and one of the most developed of the silicon ribbon growth methods.
The ESP growth technique^ (also sometimes called edge-stabilized ribbon or ESR) passes two parallel filaments upward through silicon in a crucible. Where they emerge, they are bridged by a seed crystal or wettable bar. Solidification takes place first on the bridge and then continuously on the bottom of the ribbon as the filament/ribbon assembly is moved upward. The filaments provide edge definition for the meniscus and are attached to the ribbon's edges.
A variety of filament materials with small-to-medium liquid silicon contact angles can be used, including graphite, graphite yarn, SiC fibers, mullite, and quartz fibers.
The ESP shaping method has a less detrimental effect on grain nucleation than die or sheet substrate shaping, and larger grains are obtained. The ESP process has the advantages of easy thermal control along with a simple hot-zone configuration (see Figure 11) . Solar cell efficiencies about 90% of those of CZ-grown controls are obtained. Disadvantages include thermal stresses and low growth rates (both of which are characteristic of most of the ribbon growth methods) and the need for filaments. CFH growth 11 is a relatively new method that is now only in a feasibility demonstration stage. Here, the top surface of a rotating, large-diameter, cylindrical, polycrystalline silicon rod is melted by a C-shaped induction heating coil, as shown in Figure 10 . Because of the coil geometry, the portion of the rod top that rotates under the enclosed area of the coil is actively heated, while the portion that is outside the enclosed area (i.e., in the open C-shaped region) is not.
The temperature difference between the two regions is determined by the rod's rotation rate. Horizontal ribbon growth takes place in the cooler open region.
Two effects define the leading edge of the ribbon. One is the temperature gradient between the two regions.
The other is the depression of the melt surface by magnetic repulsion under the coil. A relatively high, cool growth mesa is present in the opening of the C-shaped region, while the region under the coil tubing is a warmer, depressed valley.
The advantages of CFH growth are high purity (there is no crucible, die, filament, or substrate), high solar cell efficiencies, low thermal convection due to the shallow melt, and potentially high growth rates (yet to be demonstrated) allowed by the large -area solid /liquid interface.
Anticipated difficulties include problems with the stability and control of the lower meniscus edge and scale -up to wide ribbons.
Summary and discussion
The role of silicon as a moderately high-efficiency photovoltaic material was examined in this review.
The current conventional technology for processing silicon from sand to crystals was presented, and some specific crystal growth techniques were analyzed. Because of the current trend toward high efficiencies, only dislocation -free ingot growth methods (CZ, FZ, and CC) were covered.
Similarly, only ribbon growth methods that have published efficiencies greater than 13.5% were dealt with. There are, of course, numerous other approaches to both ingot and sheet growth that were not included in this paper. There are also crystal growth processes under development for which recent results have not been published.
Some of these may yield high-efficiency cells.
For high-efficiency devices, crystallographic defects and impurities are of concern, since they directly affect cell performance through lowered minority carrier lifetimes.
Other important parameters are high throughput, easy control, and flat, smooth surfaces (i.e., for sheets).
None of the present growth methods have all of these desirable attributes, although each has some of them. Perhaps the ideal crystal growth method for PV silicon is yet to be discovered.
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is not. The temperature difference between the two regions is determined by the rod's rotation rate. Horizontal ribbon growth takes place in the cooler open region.
The other is the depression of the melt surface by magnetic repulsion under the coil. A relatively high f cool growth mesa is present in the opening of the C-shaped region, while the region under the coil tubing is a warmer, depressed valley.
The advantages of CFH growth are high purity (there is no crucible, die, filament, or substrate), high solar cell efficiencies, low thermal convection due to the shallow melt, and potentially high growth rates (yet to be demonstrated) allowed by the large-area solid/liquid interface.
Anticipated difficulties include problems with the stability and control of the lower meniscus edge and scale-up to wide ribbons.
The current conventional technology for processing silicon from sand to crystals was presented, and some specific crystal growth techniques were analyzed. Because of the current trend toward high efficiencies, only dislocation-free ingot growth methods (CZ, FZ, and CC) were covered.
Similarly, only ribbon growth methods that have published efficiencies greater than 13.5% were dealt with. There are, of course, numerous other approaches to both ingot and sheet growth that were not included in this paper.
However, many of these have already been reviewed. 12 ,13 Although the solar cell efficiencies resulting from these processes are lower, many of the techniques have the potential of being low in cost.
There are also crystal growth processes under development for which recent results have not been published.
For high-efficiency devices, crys tallograph ic defects and impurities are of concern, since they directly affect cell performance through lowered minority carrier lifetimes. Other important parameters are high throughput, easy control, and flat, smooth surfaces (i.e., for sheets). None of the present growth methods have all of these desirable attributes, although each has some of them. Perhaps the ideal crystal growth method for PV silicon is yet to be discovered.
